This paper examines the effects of DNA sequence evolution on RNA secondary structures and compensatory mutations. Models of the secondary structures of Drosophila melanogaster 18s ribosomal RNA (rRNA) and of the complex between 2S, 5.8S, and 28s rRNAs have been drawn on the basis of comparative and energetic criteria. The overall AU richness of the D. melanogaster rRNAs allows the resolution of some ambiguities in the structures of both large rRNAs. Comparison of the sequence of expansion segment V2 in D. mezanogaster 18s rRNA with the same region in three other Drosophila species and the tsetse fly (Glossina morsitans morsitans) allows us to distinguish between two models for the secondary structure of this region. The secondary structures of the expansion segments of D. mezanogaster 28s rRNA conform to a general pattern for all eukaryotes, despite having highly divergent sequences between D. melanogaster and vertebrates. The 70 novel compensatory mutations identified in the 28s rRNA show a strong (70%) bias toward A-U base pairs, suggesting that a process of biased mutation and/or biased fixation of A and T point mutations or AT-rich slippage-generated motifs has occurred during the evolution of D. melanogaster rDNA. This process has not occurred throughout the D. mezanogaster genome. The processes by which compensatory pairs of mutations are generated and spread are discussed, and a model is suggested by which a second mutation is more likely to occur in a unit with a first mutation as such a unit begins to spread through the family and concomitantly through the population. Alternatively, mechanisms of proofreading in stem-loop structures at the DNA level, or between RNA and DNA, might be involved. The apparent tolerance of noncompensatory mutations in some stems which are otherwise strongly supported by comparative criteria within D. mezanogaster 28s rRNA must be borne in mind when compensatory mutations are used as a criterion in secondary-structure modeling. Noncompensatory mutation may extend to the production of unstable structures where a stem is stabilized by RNA-protein or additional RNA-RNA interactions in the mature ribosome. Of motifs suggested to be involved in rRNA processing, one (CGAAAG) is strongly over-represented in the 28s rRNA sequence. The data are discussed both in the context of the forces involved with the evolution of multigene families and in the context of molecular coevolution in the rDNA family in particular.
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Introduction
An essential prerequisite to understanding the interaction between the sequence evolution of ribosomal DNA (rDNA) and natural selection is to understand the effects of sequence evolution on the structure of the ribosomal RNAs (rRNAs). Of particular interest in this respect is the phenomenon of compensatory mutation, which is a special case of molecular coevolution (Dover and Flavell 1984; Gerbi 1985) . Here, a mutation in one strand of a stem is compensated by a mutation in the complementary strand which preserves base pairing at a particular position in the rRNA secondary structure. The evolutionary process by which compensatory mutations become fixed in a population is complex, because the rDNA is a large multigene family in most species which undergoes continual rounds of homogenization by unequal crossingover (for reviews, see Dover 1982; Arnheim 1983; Flavell 1986 ). Hence, the gradual spread of a new mutation through the family and concomitantly through the population (molecular drive) must be followed by a second compensatory mutation if stem-loop structures and, presumably, function are to be maintained efficiently. At what stage during the accumulation of the first mutation is the second mutation introduced? The interaction between molecular drive and selection is complex in that both mutations are part of the same multicopy unit. The observed molecular coevolution between the multiple transcription promoters and the RNA polymerase I complex is conceptually easier to envisage because selection can be viewed as operating on all the presumably single-copy genes of the polymerase I complex, in response to the gradual accumulation of new promoter variants (Dover and Flavell 1984) .
The large rRNAs (18s and 28s) are particularly suitable for studying the relationship between primary sequence and secondary structure because their structures are much more variable than those of the smaller rRNAs. In particular, they show considerable length variability, with lengths of 26S/28S rRNAs ranging from 3,377 bases in rice (Oryza sativa; Takaiwa et al. 1985) to 5,025 bases in Homo sapiens (Gonzalez et al. 1985) . This length variability results from the presence of regions (known as "expansion segments"; Clark et al. 1984 ) that show less sequence similarity between eukaryotic species than do the "core" segments (for details, see the accompanying paper by Hancock and Dover [ 19881) . For example, D. melanogaster rRNAs, which are AU rich (Tautz et al. 1988) , are markedly different from their counterparts in vertebrate species, which are highly GC rich. Models for the secondary structures of the D. melanogaster rRNAs are, therefore, of particular interest, because they shed light on the ways in which changes of gross base composition can be accommodated in conserved structures. They also test the hypothesis that expansion segments adopt similar secondary structures in vivo, despite their highly divergent sequences (Michot et al. 1984) and despite the operation of slippage-like mechanisms of turnover within them .
Below we describe secondary-structure models of the D. melanogaster rRNAs. The core regions of the models have been constructed using the general models of Nelles et al. (1984) (18s rRNA) and Michot et al. (1984) (5.8S, 2S, and 28s rRNAs), which are based on evolutionary comparisons of complete 18s and 26/28S rRNA sequences, respectively. To construct expansion-segment models without reference to other structures, we have used an energy calculation algorithm (Tinoco et al. 1973) . The AU richness of the two rRNAs enables us to resolve some ambiguities in published secondary-structural models. In D. melanogaster the expansion segments are found Evolution of Secondary Structures of D. melunogaster rRNAs 395 to be capable of forming structures similar to those proposed for other higher eukaryotes.
The 4% rRNA precursor in Drosophila, as in other insects, undergoes two specialized processing events after the separation of the 16S, 5X, and 28s rRNAs. The first is a nuclear event, which results in the cleavage of the 28s molecule into two similarly sized fragments (28% and 28Sp) via the excision of a variable region from the middle of the molecule. The second is a cytoplasmic event, which results in the separation of a 2s fragment from the 3' end of 5.8s rRNA (Jordan et al. 1976 ). Knowledge of the complete sequence of the rRNA (Tautz et al. 1988 ) enables us to test the significance of various motifs proposed to be specific processing signals (Gerbi 1985; Fujiwara and Ishikawa 1986) .
Material and Methods

Sequence Data
The sequences used to prepare the secondary-structure models are described in the accompanying paper (Tautz et al. 1988) . We have retained the base-numbering system of Tautz et al. (1988) to avoid confusion. Modeling confirmed the location of the 5' end of 28s rRNA at position 3288.
Secondary-Structure Modeling
Models were based on the general models of Nelles et al. ( 1984) for 18s rRNA and of Michot et al. (1984) for 28s rRNA. The sequences were aligned with the Artemia salina 18s or Mus musculus 28s rRNA sequence, and conserved secondarystructural elements and expansion segments were identified directly. These regions were numbered according to the general structures. The preliminary secondary structures so derived were tested by drawing. Changes were only made when the D. melanogaster sequence was incompatible with the general structure or when a better alternative structure, as judged by energy (Tinoco et al. 1973 ) and conservation criteria, was available. Internal loops and terminal G-U base pairs were permitted if they corresponded to conserved structures. Other non-Watson-Crick oppositions are represented as bulges rather than as noncanonical base pairs. Major potential secondarystructural features of expansion segments were identified using a dot-matrix method and energy calculation algorithm essentially as described elsewhere (Tinoco et al. 1971 (Tinoco et al. , 1973 .
Results
Our models for the secondary structures of Drosophila melanogaster 18s rRNA and of the D. melanogaster 5.8S/2S/28S rRNA complex are presented in figures 1 and 2, respectively. Stems and expansion segments are numbered according to the methods of Michot et al. (1984) and Nelles et al. (1984) . Positions of individual stems are listed in tables 1 (18s rRNA) and 2 (28s rRNA). Lengths and base compositions of expansion segments in both molecules are presented in table 4. The D. melanogaster sequences for these rRNAs are generally consistent with both general models (Michot et al. 1984; Nelles et al. 1984 ) (see legends to figs. 1, 2 for details). Drosophila melanogaster 2s rRNA was able to form stable stems both with the 3' end of the 5.8s rRNA and with the 5' end of 28s rRNA, as suggested by Pavlakis et al. (1979) . Below we summarize the differences between our models of D. melanogaster 18s and 28s rRNA structure and published models for 18s rRNA (Atmadja et al. 1984; Nelles et al. 1984; Gutell et al. 1985) and the large subunit rRNA complex (Clark et al. 1984; Michot et al. 1984 This is in an extended form similar to that proposed by Atmadja et al. (1984) and Gutell et al. (1985) and includes a further 11 bp beyond stem 17. This interaction appears to be energetically favored over stem 3 of Nelles et al. (1984) , which overlaps with it.
Expansion Segment V2
A substantial amount of short-range sequence comparison with other Drosophila species and with the tsetse fly (Glossina morsitans morsitans) (Cross and Dover 1987a, 1987b) supports the arrangement proposed by Nelles et al. (1984) and Gutell et al. (1985) for this region. The data are discussed in more detail in the Discussion section.
Stem El&l
Alternative arrangements of the central region of the 18s rRNA (see Nelles et al. 1984) are not stable for D. melanogaster. Although the secondary-structure models for prokaryotic and eukaryotic rRNAs differ in this region, it is notable that results of primer-extension experiments carried out on E. coli 16s rRNA (Moazed et al. 1986) are consistent with the base-pairing scheme proposed for stem E 18-1.
Stems 19 and 20
We favor the arrangement of Nelles et al. (1984) , which appears to be more energetically favorable than that of Gutell et al. (1985) .
Expansion Segment V4
We have included the two additional stems included by Atmadja et al. (1984) in the 5' region of this domain. Stem El 9-l is common to the structures of Atmadja et al. (1984) and Nelles et al. (1984) . The region comprising stems E19-2 and E19-3 in Nelles et al.'s (1984) structure is arranged into a single closed structure by Atmadja et al. (1984) . We are unable to distinguish these possibilities on energetic criteria because of uncertainties in the treatment of branched structures. We have included the proposal of Nelles et al. ( 1984) in our model, but the alternative structure is shown as an insert in figure 1 b.
Expansion Segment V5
An alternative structure for this region involves the 3' strand of stem E 18-1 in a stem closing it (Gutell et al. 1985) . This alternative is less favorable in D. melanogaster 18s rRNA. Nelles et al. (1984) and Gutell et al. (1985) proposed different extensions at the 5' end of stem 23; primer-extension results (Moazed et al. 1986 ) strongly support that of Gutell et al. ( 1985) . Nelles et al. (1984) also proposed an extension to the 5' end of stem 24, an extension that is not supported by primer-extension data and creates a large internal bulge which should destabilize the structure substantially. A different copy of the 18s rRNA gene from D. melanogaster has a G instead of a C at position A 00
Stems 23 and 24
-Secondary-structure model of Drosophila melunogaster 18s rRNA. Stems are numbered according to the method of Nelles et al. ( 1984) . Expansion segments (Vl-V7) are boxed. Watson-Crick base pairing is represented by a solid line (e.g., A-U), noncanonical G-U base pairs by an aster& The 5' and 3' ends of rRNA molecule-s are marked. The 5 '+3' direction is indicated by arrows at the 5' and 3' ends of each domain. Every t%?ie.tb nucleotide is marked, and every hundredth nucleotide is numbered. The alternative nucleotides indicated by arrows are derived from the 5' end of the 18s rRNA gene of tsetse fly Glossina morisifans morsituns (Cross 1986; Cross and Dover 19876) .
There are 40 (numbered) secondary-structural features in the core regions. The model shares 32 core secondary-structural features with that of Gutell et al. (1985) , 3 1 with that of Nelles et al. (1984) , and 30 with that of Atmadja et al. (1984) . Secondary structures in the expansion segments are En-k, where n is the neighboring core structure number and k counts their successive appearance. In 6g. 1 b the uppermost structure to the right of the double arrow is an alternative structure to E19-2.3. The arrow pointing between positions 232 and 233 within stem E9-2 represents a difference in length between the G. m. morsitans and D. melanoguster sequences, the sequence U-U-U-U-U in G. m. morsitans replacing G-C-A-A in D. melanogaster. 1896-1948 1848-1940 1964-1973/1978-1987 1773 (Jordan et al. 1980) , suggesting, at least, that the loss of the 5' base pair of stem 24 (G-1252:C-1773 here) can be tolerated.
Stem 27 Nelles et al. (1984) and Gutell et al. (1985) also propose an extension to the 3' end of stem 27, an extension that appears unstable but is supported by primer-extension data (Moazed et al. 1986 ).
Stem 28
Our arrangement for this stem differs from all three 18s rRNA secondary-structure models, which are all inconsistent either with our sequence for this region or with that of Youvan and Hearst ( 198 1) . Our arrangement is well conserved and supported by a partial compensatory mutation in Rattus nowegicus (see Gutell et al. 1985) .
Stems 30 and 31
The arrangement proposed by Atmadja et al. ( 1984) is most stable and is supported by a compensatory mutation.
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Stem 39
Of the three proposed arrangements for this stem, we prefer that of Atmadja et al. (1984) . The other models for this stem include a number of noncanonical base pairs other than G-U: G-A in the case of Gutell et al. (1985) and A-A, C-U, U-U, and C-A in the case of Nelles et al. ( 1984) . G-A base pairs in particular are an established feature of tRNA structure (Rich and RajBhandary 1976) . They have been suggested to be present in rRNAs (Delihas et al. 1984; Noller 1984 ) and especially at junctions of coaxial helices (Woese et al. 1983) . A-C, A-A, and U-U pairs have also been suggested to occur in tRNA or 5s rRNA (Clark 1977; Delihas et al. 1984) . However, we have avoided including them here because there is evidence that many if not all such oppositions are accommodated in extrahelical conformations (Lomant and Fresco 1975) . We therefore consider it unwise to include them unless unambiguous evidence for their occurrence is available.
Stem 40
We have not included an extension to the 5' end of this stem (Atmadja et al. 1984) , which creates a five-nucleotide loop and results in the formation of only one Watson-Crick base pair.
Tertiary Interactions
Using an approach equivalent to that applied at the level of secondary structure, Gutell et al. ( 1985 Gutell et al. ( , 1986 have identified within 16S/ 18s rRNAs 10 pairs of bases that have evolved in a coordinated manner. Nine of these potential interactions are also conserved in D. melanogaster 18s rRNA, the exception being that between the bulged loop of stem 18 and the 5' end of stem 0 (designated "b" by Gutell et al. 1985) . Two further interactions, designated "d" and "e" by Gutell et al. (1985) , are included in our secondary-structure model as parts of stems 20 and 23, respectively.
Secondary Structure of the Complex between 5.8S, 2S, and 28s rRNAs (Fig. 2, Table 2)
Stem 3a
This long-range interaction was included in the Xenopus (Clark et al. 1984 ) and human (Gorski et al. 1987 ) models and is a feature of two E. coli models Noller 1984) . It is supported by two compensatory changes in D.
melanogaster.
Stems 9-11
Each of stems 9-l 1 of Michot et al.'s (1984) model contains a noncompensatory change in D. melanogaster. An alternative structure proposed for this region in X. Zaevis (Clark et al. 1984 ) is supported by compensatory changes in stems 2 and 16 of the Xenopus model (labeled 10' and 11' here).
Stem I3a
This corresponds to the stem drawn by Clark et al. ( 1984) at the 3' end of expansion segment D2 (Xenopus stem 19/ES2). As this stem is formed from a highly conserved 25-base tract, there is no compensatory evidence available; but we have included it because of its high degree of conservation. Michot et al. (1984) . Expansion segments (Dl-D12) are boxed, as are the 5.8s and 2S rRNAs. The solid line dividing expansion segment D7a delimits the 2gSo and 2gSp processing products, according to Ware et al. (1985) . Watson-Crick base pairing is represented by a solid line (e.g., A-U), noncanonical G-U base pairs by an asterisk. Rases 5052-5056, which could not be read unambiguously from our sequencing gels (see Tautz et al. 1988) , are taken from Delanversin and Jacq (1983). The 5' and 3' ends of rRNA molecules are marked. The 5'+3' direction is indicated by arrows at the 5' and 3' ends of each domain. Every fittieth nucleotide is marked, and every hundredth nucleotide is numbered. Novel wholly compensatory changes ate marked by pairs of solid circles Partially compensatory mutations (e.g., A-U-G+ U) are indicated by open circles. The model shares 82 core secondary-structural features with the models of Michot et al. (1984) and Gorski et al. (1987) and 77 with the model of Clark et al. ( 1984) . c-OS-CC - 
Stem 14
The first five base pairs of this stem as proposed by Michot et al. (1984) are disrupted in D. melanogaster by two noncompensatory changes, which leave only one potential Watson-Crick base pair (A-U) available in this region.
Stem 1Sa
Here, stem 15a corresponds to stem 26 in Xenopus (Clark et al. 1984) , which is well conserved and is supported by a compensatory base change in E. coli (see Ware et al. 1983) .
Stem 38a
This long-range interaction has recently been proposed for human 28s rRNA (Gorski et al. 1987 ) and shows a compensatory mutation in yeast (Saccharomyces carlsbergensis) and E. coli (see Ware et al. 1983 ).
Stems 41 and 42
A novel stem proposed for human 28s rRNA (Gorski et al. 1987 ) overlaps with stems 4 1 and 42 here (their stem 52). This cannot form in D. melanogaster 28s rRNA, while stems 41 and 42 are both supported by two novel compensatory changes.
Stems 52 and 58
The existence of these stems was proposed by Michot et al. (1984) in the absence of evidence from compensatory mutations. While stem 58 remains unconfirmed, stem 52 has since been supported by a compensatory base change in Caenorhabditis elegans (Ellis et al. 1986 ). The same compensatory change is present in D. melanogaster.
Stem 84
Evidence for the existence of this stem has been inconclusive (Ellis et al. 1986 ). In D. melanogaster the potential exists to form a 7-bp stem, including one compensatory change, in a position corresponding to stem 84 (boxed in fig. 2g ). However, this stem would contain only five A-U and two internal G-U base pairs and would therefore be energetically unfavored. Evidence for the existence of stem 84 therefore remains inconclusive, and we have not included it in our model.
Compensatory Mutations
We are able to identify compensatory mutations, affecting 70 bp in D. melanogaster 28s rRNA, that have not been previously described. These include both full and partial compensatory mutations. The stems thereby supported are B, C, D, 1, 2, 3, 3a, 6, 8, 1 l ', 14, 16, 17a, 17b, 18, 21, 22, 23, 26/27, 28, 29, 3 1, 32, 33, 38, 39, 40, 41, 42, 45, 61, 63, 64, 69, 70, 7 1, 72, 73, 78, 79, 82, 83, 85, 86 and 87 (see fig. 2 for details). We were not able to identify compensatory changes within stems 43 and 44 because of difficulties in aligning this region of the sequence with the corresponding region in 26S/28S rRNAs of other species.
Discussion
Conservation of RNA Secondary Structures of Expansion Segments
The expansion segments of the eukaryotic 28s rRNA genes can be considered to represent insertions with respect to the 23s rRNA gene of E. coli (reviewed in Gerbi 1985; for a recent proposal for the evolutionary origins of the rDNA unit as a whole, see Clark [ 19871) . We have shown in the accompanying papers that, between species, the expansion segments diverge more rapidly than the core segments and that slippagegenerated variation is responsible for most of the divergence. Despite this, the set of expansion segments in a species maintains sequence similarities, has similar levels of AT/CC richness, and can be said to be coevolving Tautz et al. 1988) . Such coevolution among expansion segments might be due to functional properties of the corresponding RNA segments, properties that might be reflected in the RNA secondary structures. Similarity between different expansion segments within a 28s rRNA gene is to be distinguished from the species-specific patterns of homogeneity of all rDNA units. The latter are a consequence of the activities of unequal crossing-over (Ohta 1980; Dover 1982; Arnheim 1983) .
The availability, from previous studies, of sequences up to and including expansion segment V2 of the 18s rRNA of the tsetse fly (Glossina morsitans morsitans) (Cross 1986; Cross and Dover 1987a, 19873) (Tautz et al. 1987 (Tautz et al. , 1988 enables us for the first time to test models of the secondary structure of an expansion segment by using the criterion of compensatory mutation. The 17 differences between D. melanogaster and G. m. morsitans 18s rRNA in this region, including 16 differences that lie in expansion segment V2, are summarized in figure la, while the 5' sequences of the 18s rRNAs of these five species are aligned in figure 3 . In two models of the secondary structure of this region in other eukaryotic species (Nelles et al. 1984; Gutell et al. 1985) , it is closed by a conserved stem; but in the third model (Atmadja et al. 1984) it is divided into three separate stems by the formation of a stem between the 5' strand of stem 7 and a more variable region which is part of stem E9-1 in other models. Our (Michot et al. 1984 ) One of three simple stems Zero to two simple stems Stem-loop-stem structure with two secondary stems (three in Drosophila melanogaster)
Single simple stem Stem-loopstem structure with two or three secondary stems Single stranded Stem-loop-stem-loopstem structure with two secondary and two to three tertiary stems. D12 in A4. musculus has two additional simple stems (Michot et al. 1984) data show, first, that both stem E9-1 and stem E9 The second of these regions corresponds to stem E9-2, which shows a particular clustering of substitutions in its terminal loop. The first region corresponds either to E9-1 (Nelles et al. 1984; Gutell et al. 1985) or to the 3' strand of stem 7 (Atmadja et al. 1984) and renders the base-pairing arrangement proposed by Atmadja et al. (1984) unstable. We conclude, therefore, that this region in fact forms stem E9-1, as proposed by Nelles et al. (1984) and Gutell et al. (1985) .
Similar short-range comparative data are not available for the other expansion segments of D. melanogaster rRNAs. Nevertheless, it is notable that our secondarystructural models for the expansion segments of D. melanogaster rRNAs, models that were derived using the energy calculation algorithm of Tinoco et al. (1973) , show similarities, at a gross secondary-structural level, to those proposed for expansion segments in other eukaryotic species (see Michot et al. 1984; Nelles et al. 1984) . This provides valuable supporting evidence for secondary-structural models of 26S/28S rRNAs in particular, as their expansion segments are much more variable, both in length and in base composition, than those of 18s rRNAs.
The secondary structures of the expansion segments from 26S/28S rRNAs of higher eukaryotes in particular can be characterized as shown in table 3. We define a primary stem as a stem that closes a secondary-structural domain. Stems originating from a loop at the end of a primary stem are defined as secondary stems, stems originating from loops on secondary stems are defined as tertiary stems, and so on. The consistency of these gross patterns varies for different expansion segments. Whereas 28s rRNA expansion segment D 1 shows a highly conserved secondary-structural motif, D12 shows much more variation, both in the number of secondary stems and in its overall arrangement (mouse D12 shows two additional simple stems [Michot et al. 19841 , possibly as the result of the destruction of an ancestral primary stem). In general, the degree of secondary-structural conservation that is observed suggests that constraints exist on the sequence evolution of expansion segments, albeit to a lesser extent than on the core. The existence of such constraints may reflect a functional role for expansion segments or the necessity for them to adopt a compact secondary structure to avoid steric interference with ribosome function (Gerbi 1985) . For a discussion of the evolutionary origins of expansion segments, see Clark (1987) .
AU Richness and Compensatory Mutations (Table 4)
Drosophila melanogaster 28s rRNA is 6 1% AU (Tautz et al. 1988 ) and therefore the most AU-rich cytoplasmic 23-283 rRNA to have been fully sequenced. The remainder of D. melanogaster rDNA is also highly AT rich (Tautz et al. 1987 (Tautz et al. , 1988 . Most of the AU richness of the rRNAs derives from the expansion segments, which are on average 70% AU in 28s rRNA and 62% AU in 18s rRNA.
Analysis of the 70 novel, wholly or partially compensatory mutations identified in core structures of D. melanogaster 28s rRNA during secondary-structure modeling (see Results) shows that 49 (70%) resulted in A-U base pairs, 18 (26%) in G-C base pairs, and three (4%) in G-U base pairs. This suggests that significant bias has occurred either in the generation or fixation of mutations during the evolution of D. melanogaster 28s rRNA. Such a pattern of mutational bias toward A and T is also observed in mammalian pseudogene families, which are presumed to be free from evolutionary constraints (Li et al. 1985) , and in long stretches of AT-rich DNA in warm-blooded vertebrates (Bernardi et al. 1985) , but it is not observed in two highly abundant noncoding repetitive families in Drosophila species (Strachan et al. 1985) . Clearly, in the presence of mutational bias toward A and T, those structures within the rRNAs that are subject to the least sequence constraint will become AU rich most rapidly. This may account in part for the extreme AU richness of the expansion segments in D. melanogaster (Tautz et al. 1988) . It is known that, together with point mutations, slippage-like mechanisms have played a role in the sequence evolution of the expansion segments of 28s rRNA genes and might also have influenced their compositional bias (for details, see accompanying paper [Hancock and Dover 19881) .
Dynamics of Accumulation of Compensatory Mutations
Although the need for compensatory mutations is simple to understand in terms of the maintenance of RNA secondary structure, the accumulation of pairs of compensatory mutations is more difficult to model in evolutionary terms. This is because the rDNA of most eukaryotes is a large multigene family containing a variable number of copies of a basic repeating unit, copies that undergo stochastic gain and loss within a population as the result of unequal crossing-over within the family (Dover 1982; Arnheim 1983; Flavell 1986 ). Thus, while we can envisage the spread of a variant rDNA unit with a single mutation by such stochastic processes, it is more difficult to understand the emergence and fixation within a population of a second, compensatory mutation in the same unit. If the copy number per individual of the variant rDNA unit with a single mutation were to affect the relative fitness of the individual, then it is easier to suppose that selection might be involved in eliminating such individuals altogether by favoring those with high copy numbers of the already functioning "wildtype" units, rather than by favoring those rare individuals that happen to have increases in copy number of a variant unit with just the right pair of compensatory mutations.
Two possible scenarios for the emergence of a pair of compensatory mutations can be imagined. In the first, the two compensatory mutations occur simultaneously within a single repeat unit, which is then spread by stochastic processes in the same way as are units with single mutations. There are two criticisms of this model. First, the probability of two such complementary mutations occurring at random within a single repeat are vanishingly small, given our highest estimate of mutation rates within expansion segments, i.e., 3.7 X lo-'/bp/year. This figure is derived from percentage divergences presented in the accompanying paper (Tautz et al. 1988) , on the assumption that all differences are due to point mutation only and that -35-65 Myr separate the Drosophila species under comparison (Beverley and Wilson 1984) . Second, this model does not explain the fixation of noncompensatory mutations within stem regions of rRNA secondary structures. Noncompensatory mutations are found within D. melanogaster 28s rRNA, in a number of stems (2 1,23, 28, 33, 34,42,44, 56, 60,62,68, 69, 78, 8 1, 82 , and 86) that are well established by comparative criteria.
A second model is one in which a first, noncompensatory mutation occurs and becomes fixed in the population by molecular drive, to be followed selectively by a Beverley and Wilson (1984) and Ashbumer et al. (1984). second mutation that compensates the first and gradually restores the fitness. This situation is statistically more likely to occur (1) because the probability of any new mutation arising within a unit containing the first mutation increases as the total number of such repeats increases within the population and (2) because of the availability of "waiting time" arising from the fact that a multigene family ensures that individuals can be buffered from the effects of the first mutation in the initial stages of its accumulation. This model would predict (1) that the time elapsing between the first and second mutations would be less than the time taken for the first mutation to arise and spread and (2) that the probability of the compensatory mutation arising would increase as the new mutation spread through the family and concomitantly through the population. (Ashburner et al. 1984) .
A difficulty with this second model is that the presence of noncompensatory mutations does not appear to produce a significant selective disadvantage. They are observed to occur in 16 stems within D. melanogaster 28s rRNA, where they result either in internal bulges or in slight rearrangements of base-pairing patterns without significant destabilization of the stems concerned. Indeed, stem 34 within D. melanogaster 28s rRNA is reduced to an apparently unstable structure by two noncompensatory mutations and also by two compensatory mutations that convert two A-U base pairs to G-U base pairs. Similarly, stem 84, which we have not included in our model because of its instability (see Results), comprises five A-U and two G-U base pairs in D. melanogaster 28s rRNA. These two stems may be examples of stems that are stabilized by protein-RNA interactions and therefore may not be required to be energetically stable. Clearly, then, many secondary-structural elements are capable of withstanding the introduction of bulges or noncanonical base pairs, either because they are not destabilized by them or because they are stabilized by other interactions (see also Brimacombe et al. 1983) . However, such situations might only be tolerated as long as additional noncompensatory mutations do not accumulate in the same gene to the extent that they start to interfere with the activity of the ribosome. Thus, in the longer term, a molecular-driven increase in the copy number of the genes that accumulate too many noncompensatory mutations would confer a selective disadvantage to the population, while copies that have accumulated compensatory mutations would remain selectively neutral.
In reality, the dynamics of spreading compensatory mutations is more complex because the relatively slow rates of unequal crossing-over (m 1 0-4/ribosomal gene array/ generation) responsible for the spread of a variant unit ensure that at any given generation during the spread there are similar copy numbers of the variant unit per individual. The population evolves cohesively with respect to any given gene family (Dover 1982; Ohta and Dover 1984) . Hence, the interaction of such a slow uniform population change, driven from within, with natural selection depends on other variables not considered above. Fast rates of slippage within expansion segments , which nevertheless have conserved RNA secondary structures, are a further major complicating factor that needs to be accommodated.
The abundance and widespread occurrence of compensatory mutations (Gerbi 1985; Michot and Bachellerie 1987) could imply that, in addition to those considered above, other, as yet unknown, processes are involved. The initiation and establishment of a second stabilizing mutation in response to the first might be due to mechanisms of proofreading recognizing noncanonical base pairs in stem-loop structures formed in single-stranded DNA. Such single-stranded regions would be most likely to occur during transcription. It is interesting that a causal link between transcription and the formation of heteroduplexes between single-stranded DNA, leading to recombination and gene conversion, has been observed in yeast rDNA (Voelkel-Meiman et al. 1987 ). Alternatively, proofreading or gene conversion involved in the establishment of compensatory mutations might involve RNA-DNA interactions.
What influence do all such arguments for the establishment of compensatory mutations have on the use of such mutations in secondary-structure modeling? We would suggest that while, for purely statistical reasons, the presence of compensatory pairs of mutations within a secondary-structural stem represents evidence for the existence of that base pair in the natural rRNA, the presence of an occasional noncompensatory change is not necessarily evidence against that base pair's existence. In particular, G-U base pairs could act as nondisruptive intermediates in the process of accumulation of compensatory mutations, so that a single mutation resulting in a G-U base pair is effectively compensatory. Comparative data must therefore be considered carefully, in particular with respect to the relative numbers of compensatory and noncompensatory mutations at a particular position.
rRNA Processing in Insects
Both of the specialized processing events that take place in Drosophila (see Introduction) correspond to the excision of expanded loops associated either with stem D of 5.8s rRNA (ITS2a) or with expansion segment D7a of 28s rRNA (Gerbi 1985; Ware et al. 1985) . In the first case it is noteworthy that the 5' and 3' halves of 2s rRNA have coevolved with both the 3' end of 5.8s rRNA and the 5' end of 28s rRNA and therefore retain the capacity to form stems D and 1, respectively, a capacity consistent with the observation that 5.8S, 2S, and 28s rRNAs remain hydrogen bonded to one another after this event (Jordan et al. 1976) .
Our secondary structure for expansion segment D7a of D. melanogaster 28s rRNA is similar to that described by Michot et al. (1984) , except that it lacks the small secondary stem, which is unstable by the criteria of Tinoco et al. ( 1973) . A comparison of the sequences of this region and of loop D in three dipteran species-D. melanogaster, Bombyx mod, and Sciara coprophila-has given rise to the suggestion that the sequence UAAU acts as a signal that triggers the excision of both the top of D7a and of ITS2 in insects (Fujiwara and Ishikawa 1986) . However, this motif occurs 34 times in D. melanogaster 28s rRNA, which is very close to the expected value (E = 0.3 1 32 X 0.2962 X 3,945 = 33.9) for a random sequence of the same length and base composition. UAAU also does not appear to show any preference for single-or doublestranded regions within the molecule, appearing 10 times (29%) as fully double stranded and eight times (24%) as fully single stranded. UAAU is therefore probably not a sufficiently specific signal to identify sites for a specific processing event. Ware et al. (1985) identified two longer, conserved motifs-AUAAUU and CGAAAG-in their study of S. coprophila processing. AUAAUU appears four times and CGAAAG five times in D. mezanogaster 28s rRNA. This latter figure represents a significant overrepresentation, as this sequence motif would only be expected to appear once on average. The observation that CGAAAG occurs either side of the base of the stem of D7a has led to the suggestion that this stem originated as a mobile element (Ware et al. 1985) . Such a conclusion should be treated with caution, however, because of (1) the relatively rapid rate of sequence evolution observed in expansion segments and (2) the presence of only one CGAAAG motif in B. mori and S. coprophila expansion segment D7a (Fujiwara and Ishikawa 1986 ).
Conclusion
It is clear from the analysis of compensatory mutations that there has existed pressure on Drosophila melanogaster rDNA to become more AT rich during evolution. This has had the effect of producing a set of expansion segments that are highly AU rich. Molecular coevolution of such a set might be the result of microconversion among expansion segments of any given rDNA unit or might reflect the action of slippage-like mechanisms on similar preexisting motifs. The same phenomenon in many other species might have a similar causal basis (Dover 1987; Hancock and Dover 1988) . The expansion segments of D. melanogaster rRNAs have secondary structures similar to those of the vertebrates, a similarity suggesting that they are homologous structures despite their having sequences that are highly divergent, es-pecially in the case of the 28s rRNA. Pressure toward AT richness has been accommodated in the core segments of 28s rRNA by a preferential fixation of A-U compensatory mutations. In some cases (e.g., stems 34 and 84 of the 28s rRNA), apparently conserved structures are rendered unstable by energy criteria. These structures may be stabilized in the mature ribosome by protein-RNA or RNA-RNA interactions that render calculations of their stability redundant. A number of conserved stems contain noncompensatory mutations which result in internal bulges. Such structures may represent intermediate stages in the accumulation of compensatory mutations, the dynamics of which accumulation is complicated by the multicopy state of the rDNA unit and by the activities of the turnover mechanisms of slippage, unequal crossingover, and, possibly, DNA-DNA or RNA-DNA gene conversions. (Note: Readers with a detailed interest in our secondary-structure models are invited to write to us for larger-scale versions.)
